We demonstrate a mid-infrared perfect absorber fabricated only from highly-doped semiconductors. A strong (>98%) absorption resonance is observed which is effectively independent of lateral geometry, but highly dependent on the vertical profile.
Introduction
Perfect absorber (PA) structures exhibit near 100% absorption at a specific designed wavelength. Initial demonstrations of such devices were fabricated for use in the microwave regime [1] , and this work has since expanded to the optical regime using plasmonic resonators [2] as well as subwavelength plasmonic disks [3] and stripes [4] on a dielectric spacer layer above a metallic ground plane. In these structures, the patterned top layer can support a plasmonic, metamaterial, or antenna resonance at a specific wavelength which allows light to couple in to the spacer between the top and bottom metal layer, where it is efficiently absorbed. Perfect absorbers in the midinfrared (mid-IR) have been demonstrated with top layers consisting of metamaterial resonators [5, 6] or alternatively, with metallic stripes [7] or disks [8] acting as antennae. The mid-IR perfect absorbers demonstrated thus far all rely on traditional plasmonic metals (such as Ag, or Au). In this work, we demonstrate mid-IR plasmonic perfect absorbers using highly-doped semiconductor metals.
Traditional plasmonic metals support only loosely-bound, light-like, propagating surface plasmon polaritons (SPPs) and cannot support localized, purely plasmonic, resonances in the mid-IR. However, it has been shown that highlydoped semiconductors can behave like metals in the mid-infrared, where they are able to support both tightly bound SPPs [9, 10] and localized surface plasmons [11] . In this work, we use these highly-doped semiconductors to create an all-semiconductor perfect absorber which couples incident light into a range of mid-IR plasmonic modes, depending on device geometry. These devices could be integrated with semiconductor active elements such as lasers or detectors, or could be used for enhanced molecular sensing in the mid-IR, creating a variety of mid-IR semiconductor-based plasmonic devices.
Experiment and Results
The perfect absorber samples were fabricated from a film grown by molecular beam epitaxy on a semi-insulating GaAs substrate consisting of a 450nm undoped InAs buffer layer followed by a 1.5 m highly-doped InAs ground plane, a 220nm undoped InAs spacer layer, and a 220nm highly-doped InAs top layer. As-grown films were characterized by IR reflection and transmission spectroscopy using a Bruker IRII mid-IR microscope coupled to a Bruker V80V Fourier transform infrared spectrometer, and the doped-layer permittivity extracted from this data. The films are then patterned using standard photolithographic techniques and a wet chemical etch into 1D arrays of stripes with varying stripe width (w), periodicity ( ), and etch depth (d). A sample schematic of the resulting structure is shown in Fig. 1(b) . Mid-infrared reflection measurements using both TE and TM polarized light were made on the patterned samples. Data for a sample with a 4 m periodicity, a 2.4 m stripe width, and a 210nm etch depth (as determined by atomic force microscopy) is shown in figure 1(b) . Solid lines are TM polarization data while dashed are TE. A clear absorption resonance is visible near 7.8 m (these samples transmit no light, at resonance, due to the metallic ground plane). The short-wavelength oscillations are due to Fabry-Perot interference in the structure and are seen in the unpatterned film as well (Fig. 1a) . Finite difference time domain (FDTD) simulations were performed and are shown as dashed lines which agree nicely with the experimental data.
In figure 2(a) , reflection for both TM-and TE-polarized light is shown for samples with varying stripe width, periodicity, and fill factor (w/ ). Neither the size nor position of the resonance depends strongly on these parameters. However, absorption strength depends strongly on the etch depth of our structures, as shown in Fig.  2(b) . For samples with shallow etch depths (d<220nm), we see near 100% absorption. For moderately-etched samples (220nm<d<840nm), we see little to no absorption. For deeply-etched samples (d>840nm), the strong absorption returns. This dependence on etch depth is replicated in FDTD simulations. Simulations suggest that different modes are coupled into as the etch depth varies. For shallowly-etched samples, incident light couples into high-k, tightly-bound propagating SPP modes confined to the thin, undoped InAs layer. As etch depth increases, light appears to be coupling to localized modes in the undoped InAs spacer layer.
Conclusions
We have fabricated all-semiconductor perfect absorbers with resonances in the mid-infrared. Near 100% absorption was observed for a wide range of lateral geometries. The strength of the absorption showed a strong dependence on etch depth. These experimental trends were replicated using FDTD and RCWA simulations. The strong absorption observed in subwavelength volumes opens the door to integration with semiconductor optoelectronic devices which are lattice-matched to InAs or GaSb for use in gas-or bio-sensors or enhanced coupling to lasers or detectors.
